Previously, it was reported that homocysteine (Hcy) specifically inhibits the growth of endothelial cells (ECs), suppresses Ras/mitogen-activated protein (MAP) signaling, and arrests cell growth at the G 1 /S transition of the cell cycle. The present study investigated the molecular mechanisms underlying this cell-cycle effect. Results showed that clinically relevant concentrations (50 M) of Hcy significantly inhibited the expression of cyclin A messenger RNA (mRNA) in ECs in a doseand time-dependent manner. G 1 /S-associated molecules that might account for this block were not changed, because Hcy did not affect mRNA and protein expression of cyclin D1 and cyclin E. Cyclin D1-and E-associated kinase activities were unchanged. In contrast, cyclin A-associated kinase activity and CDK2 kinase activity were markedly suppressed. Nuclear run-on assay demonstrated that Hcy decreased the transcription rate of the cyclin A gene but had no effect on the half-life of cyclin A mRNA. 
Introduction
Epidemiologic and case control studies have consistently indicated that moderate and mild elevations of plasma homocysteine (Hcy), an intermediate metabolite of methionine, are an important and independent risk factor for arteriosclerosis and venous thrombosis in the general population. [1] [2] [3] [4] [5] [6] The level of risk for cardiovascular disease attributable to hyperhomocysteinemia is equivalent to that associated with smoking or hypercholesterolemia, and elevated Hcy levels synergistically increase the risk associated with smoking and hypertension. 4 Recently, studies in animal models have revealed that hyperhomocysteinemia enhances atherosclerotic lesion formation and neointimal hyperplasia following arterial injury. 7, 8 Although experimental evidence has demonstrated that Hcy causes endothelial dysfunction, 9-13 thrombosis activation, [14] [15] [16] [17] [18] [19] and vascular smooth muscle cell proliferation, [20] [21] [22] [23] the fundamental biochemical mechanisms underlying these phenomena are not well understood.
In vitro studies found that some biologic effects of Hcy can be mimicked by hydrogen peroxide or other sulfhydryl-containing agents, are inhibited by catalase, and require oxygen. 9, 24 These results have provided support to the proposal that increased oxidation mediated through the sulfhydryl group of Hcy is a major mechanism responsible for Hcy-induced vascular pathogenesis. [25] [26] [27] However, these effects typically require relatively high concentrations of Hcy, above the levels that confer increased cardiovascular risk. In addition, another intermediary metabolite of methionine, cysteine (Cys), has similarities in chemical structure and redox properties with Hcy, but does not constitute a risk factor for cardiovascular disease, suggesting that these characteristics alone are not sufficient to explain the deleterious effects of Hcy.
Because the increased risk of cardiovascular disease associated with hyperhomocysteinemia occurs at mild and moderate elevations of Hcy, we have sought to identify biologic effects on vascular cells that occur at clinically observable concentrations of Hcy, and that are not produced by Cys. Along these lines, we previously found that endothelial cell (EC) growth is inhibited by Hcy at concentrations between 10 to 50 M, with cell-cycle arrest occurring at the G 1 /S transition. This effect was cell-type specific and was not mimicked by Cys. 28 We also found an accumulation of S-adenosylhomocysteine (SAH) in ECs that is associated with a decrease in Ras protein methylation and inhibition of the Ras/ mitogen-activated protein (MAP) signaling pathway. Our findings are consistent with a hypomethylation mechanism, in which elevated levels of Hcy lead to increased SAH, which in combination with adenosine, a nucleic acid metabolic product, act to inhibit cellular methylation. Clinical evidence in support of a mechanism involving SAH and decreased methylation is available; elevated Hcy levels have been linked with increased SAH in adult women, 29 and increased SAH has been reported in hyperhomocysteinemic uremic patients in association with a significant reduction in red cell membrane protein methylation levels. [30] [31] [32] To understand better the mechanism of EC growth inhibition by Hcy, we characterized the effects of Hcy on the expression and activity of molecules controlling cell-cycle progression. We now report that clinically relevant concentrations of Hcy (25-50 M) selectively inhibited cyclin A gene expression in EC. This effect on cyclin A expression resulted from decreased transcription of the cyclin A gene, which occurred in a cell-type specific manner. The inhibition of cyclin A gene expression correlated with its growth inhibiting and G 1 /S blocking effects. In addition, we found that overexpression of cyclin A was sufficient to overcome the G 1 /S phase block caused by Hcy. These results indicate that downregulation of cyclin A expression in ECs is an important consequence of exposure to Hcy, and point to signaling mechanisms that specifically converge on the cyclin A promoter as targets for Hcy.
Materials and methods

Cell culture
Human umbilical vein endothelial cells (HUVECs) (Clonetics, Walkersville, MD) and rat aortic smooth muscle cells (RASMCs) were cultured as previously described. 28 Cells from passages 6 to 8 were used in the experiments. Adenosine (25 M, Sigma, St Louis, MO) and 10 M erythro-9-(2-hydroxy-3-nonyl)-adenine (Sigma, RBI), an adenosine deaminase inhibitor to stabilize adenosine, were added in all the experiments as control medium. The addition of adenosine and erythro-9-(2-hydroxy-3-nonyl)-adenine served to enhance the conversion of Hcy to SAH.
[ 3 H]-thymidine incorporation
The HUVECs were plated onto 24-well plates, exposed to L-Cys or DL 
Northern blot analysis
Total RNA was obtained from cultured cells and 10 g RNA from each sample was analyzed as described. 23, 28 Radioactivity was measured on a PhosphorImager running the ImageQuant software (Molecular Dynamics, Sunnyvale, CA). The filters were rehybridized with different probes and finally with an oligonucleotide probe complementary to 18S ribosomal RNA to correct for loading differences.
Western blot analysis
Whole-cell extracts were prepared from HUVECs and 50 g protein from each sample was analyzed with antibodies (all from Santa Cruz Biotechnology, Santa Cruz, CA) against cyclin A (SC 751), cyclin D1 (SC 246), cyclin E (SC 481), or CDK2 (SC 163), respectively. Protein extraction and probing procedures were as described. 28 Immunoprecipitation and histone H1/retinoblastoma protein kinase assay The HUVECs were harvested for histone H1 or retinoblastoma (RB) protein kinase assay as described. 23 Total protein (50 g) from each sample was immunoprecipitated with a 1:100 dilution of the same antibodies used for Western blot. The immunoprecipitated complexes were reacted with ␥-32 P]-adenosine triphosphate (ATP; 6000 cpm/pmol; 100 mM) and desired substrate, histone H1 (Sigma; 0.5 mg/mL) or glutathione-S-transferase (GST)-RB protein (Santa Cruz, SC 4112) for 20 minutes at 30°C. Kinase activity was detected by autoradiography and PhosphorImaging after electrophoresis on 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels.
Nuclear run-on analysis
The HUVECs were lysed and nuclei were isolated as described. 33 The 32 P-labeled RNA probes were prepared and hybridized at 40°C for 4 days with identical dot blots prepared by immobilizing denatured cyclin A and ␤-actin complementary DNA (cDNA; 1 g) on nitrocellulose filters as described. 23 The filters were then autoradiographed with x-ray film for 3 days.
Transient transfection and luciferase assay
The HUVECs or RASMCs were plated in 6-well culture plates (3 ϫ 10 5 / well), grown to 70% to 80% confluence, and transfected with lipofectin (Gibco BRL, Gaithersburg, MD). 34 PGL2 plasmids (Promega, Madison, WI) containing SV40 early promoter or cyclin A promoter (Ϫ266/ ϩ205) 35, 36 and the luciferase reporter gene were used. Lipofectin (10 L for HUVECs or 15 L for RASMCs) diluted with 90 L Opti minimum essential medium (MEM) was mixed with 2 g plasmid DNA diluted in 100 L Opti MEM, and incubated for 1 hour at room temperature. The lipofectin/DNA mix was overlaid onto cells freshly washed with 3 mL M199 medium. The transfected cells were then incubated for 6 hours and changed to fresh culture medium for another 10 to 12 hours for recovery. The cells were changed to fresh control medium and exposed to 50 M DL-Hcy for 24 hours. To correct for variability in transfection efficiency, we cotransfected 0.5 g plasmid cytomegalovirus (pCMV)-␤GAL expressing ␤-gal (␤-gal) in all experiments. The luciferase and ␤-gal activity were performed as described 35, 36 and the ratio of luciferase activity to ␤-gal activity in each transfection served as a measure of normalized luciferase activity. Comparisons were made by applying a factorial ANOVA followed by the Student t test.
Construction of recombinant adenovirus and adenovirus infection
Replication-defective adenovirus expressing ␤-gal in pACCMVplpa vector and plasmid DNAs of this vector were obtained from Dr Perry Nisen (Abbott Laboratories, North Chicago, IL). 37, 38 A human cyclin A cDNA (gift from Dr James Roberts at Fred Hutchinson Cancer Research Center, Seattle, WA) was inserted into the pACCMVplpa vector. The resulting plasmid was cotransfected with the pJM17 plasmid into 293 cells (adenovirus E1a-transformed human embryonic kidney cells) by calcium phosphate/DNA coprecipitation. Homologous recombination between the 2 plasmids resulted in a recombinant replication-defective virus containing the human cyclin A gene. Virus from cytopathic 293 cells were harvested after 48 hours of virus infection, collected by 3 freeze-thaw cycles followed by centrifugation, and purified by gradient cesium chloride (62%, 36%, and 51%) centrifugation at 35 000g for 2 hours. Viral titers were determined by plaque assay on 293 cells as described. 39 HUVECs at 50% confluence were infected with purified adenovirus at indicated multiplicity of infection (MOI) (plaque-forming unit [PFU]/cell). Infected HUVECs were treated with or without Hcy after 24 hours of virus infection. Western blotting (with anticyclin A antibody) was carried out to examine ectopic gene expression.
␤-Gal staining
Treated cells were washed with phosphate-buffered saline (PBS) plus 2 mM MgCl 2 , fixed with 0.2% glutaraldehyde for 5 minutes, and stained with 1 mg/mL X-gal for 10 minutes after 2 additional washes.
Flow cytometric analysis
The HUVECs were infected with indicated adenovirus for 24 hours and then exposed to 50 M DL-Hcy for an additional 24 hours. The cells were harvested, stained with propidium iodide (50 g/mL), and subjected to fluorescence-activated cell sorting analysis of DNA content on an EPICS XL-MCL Flow Cytometer (Beckman Coulter, Miami, FL) as described. 28 Cell-cycle distribution was analyzed using a Multicycle software (Phoenix Flow Systems, San Diego, CA).
Results
Hcy inhibits DNA synthesis in human ECs and this inhibition is reversible
We have previously demonstrated that pathophysiologically relevant concentrations of Hcy specifically inhibit growth and Ras/ MAP signaling, and cause cell-cycle arrest near the G 1 /S transition in ECs. 28 In the present study, we investigated the molecular mechanisms underlying this cell-cycle effect. To evaluate possible cellular damage caused by Hcy, we first determined if this growth inhibition is reversible. HUVECs were grown to subconfluency and treated with 50 M of DL-Hcy for 24 hours. Then, 50 M Hcy, which is similar to the plasma level observed in moderate hyperhomocysteinemia, resulted in a 75% decrease in [ 3 H]-thymidine incorporation (Figure 1 ). After 24 hours, Hcy was washed out with PBS and HUVECs were cultured in control medium for an additional 48 hours. DNA synthesis increased to 30% and 100% of control after 24 hours and 48 hours of recovery, respectively ( Figure 1 ). Thus, the inhibitory effect of Hcy on DNA synthesis in HUVECs appears to be reversible.
Hcy selectively reduces cyclin A mRNA in ECs
We have reported that Hcy arrests the cell cycle at G 1 /S transition in ECs. 28 Cyclins D, E, and A are key cyclins regulating the G 1 and G 1 /S transition of the cell cycle. To understand how Hcy affects regulation of the cell cycle, we examined the mRNA expression of cyclins D1, E, and A in HUVECs in response to Hcy. RNA was harvested from HUVECs treated with 25 or 50 M of Hcy for 30 hours and analyzed by Northern blotting (Figure 2A ). The cyclin A message decreased by 20% with 25 M Hcy and by 85% with 50 M, indicating a dose-sensitive response, whereas cyclin D1 and E mRNA levels were not affected ( Figure 2A ). Cyclins D2 and D3 are expressed at very low levels relative to cyclin D1 and are not major D cyclins in HUVECs (data not shown). To characterize the time course of this effect, we then treated HUVECs with 50 M Hcy or Cys for 8, 24, 32, and 48 hours and measured the mRNA expression of cyclins A, D1, and E. Cys was used as a sulfhydryl amino acid control. The reduction in cyclin A message started as early as 24 hours, with cyclin A mRNA decreased to 12% of control at 32 hours and 5% of control at 48 hours after Hcy exposure ( Figure 2C ). Cyclin D1 and cyclin E messages remained unchanged, whereas Cys did not affect mRNA expression of cyclin A and had only minor effects on cyclin D1 and cyclin E mRNA levels ( Figure 2C ). Therefore, Hcy selectively decreases cyclin A mRNA levels in a dose-and time-dependent manner in ECs. Because most of the homocysteine in the blood is in the oxidized form, such as homocystine (HH), we also examined the effects of HH on cyclin A mRNA expression. HH, at 50 M, markedly inhibited cyclin A mRNA expression in an identical time-dependent fashion as Hcy in ECs after 18, 24, 30, 36, 42, and 48 hours of exposure ( Figure 2B ), indicating that the Hcy-mediated reduction in cyclin A expression is pathophysiologically relevant and is independent of the free sulfhydryl group.
Hcy decreases cyclin A protein expression and cyclin A-associated kinase activity in ECs
Cyclin A protein regulates cell-cycle progression during S phase in association with protein kinase CDK2. To assess whether Hcyinduced decreases in cyclin A mRNA levels were reflected in decreases in protein levels and associated kinase activity, we performed Western blot analysis and kinase activity assays. Protein lysates from HUVECs were divided, with half subjected to immunoprecipitation with the indicated antibodies for kinase activity assay, and the second half used for Western blot analysis. Cyclin A protein expression was barely detectable at 30 or 36 hours after 50 M Hcy addition ( Figure 3) ; this was accompanied by similar reductions in cyclin A-associated kinase activity. In comparison, Cys had no effect on cyclin A protein expression and its associated kinase activity, suggesting once again that this is a free sulfhydryl group-independent effect. CDK2 protein expression was not altered by Hcy, but its net activity was greatly reduced, consistent with the decrease in expression of its positive regulator, cyclin A. Cyclin D1 and cyclin E protein expression and associated kinase activities were unchanged (Figure 3) , consistent with the mRNA results in Figure 2 . Both cyclins E and A regulate CDK2 activity during G 1 and at the G 1 /S transition, respectively; the lack of change in cyclin E levels suggests that the decrease in CDK2 activity in response to Hcy is most likely due to cyclin A inhibition. 
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Thus, in ECs, Hcy selectively inhibits cyclin A gene expression at the mRNA and protein levels and decreases its associated kinase activity.
Hcy decreases the transcription of the cyclin A gene and does not change mRNA stability
The selective decrease in cyclin A expression suggests that Hcy specifically affects the production or degradation of cyclin A mRNA. To determine which mechanism is involved, we first measured the half-life of cyclin A mRNA in the presence and absence of Hcy. After 24 hours (t ϭ 0) of Hcy (50 M) treatment, actinomycin D was added to stop transcription. RNA was extracted at different time points and Northern blot analysis was performed to measure the rate of mRNA degradation ( Figure 4A ). Consistent with our previous findings in Figure 2 , cyclin A mRNA levels were substantially reduced by this concentration of Hcy. In control cells, the calculated half-life for cyclin A mRNA was approximately 8.1 hours, whereas in cells treated with Hcy, the half-life was 8.3 hours. Thus, the decreases in cyclin A mRNA levels by Hcy was not mediated by a decrease in the stability of cyclin A mRNA.
We then evaluated the rate of cyclin A gene transcription by nuclear run-on assay. Hcy had no effect on ␤-actin transcription, but decreased the rate of cyclin A gene transcription by about 50% ( Figure 4B ). Taken together, these data indicate that Hcy-induced decreases of cyclin A mRNA levels result from a decrease in cyclin A gene transcription.
Hcy inhibits cyclin A promoter activity specifically in ECs
Further evidence for Hcy-induced cyclin A transcriptional inhibition was obtained by promoter-reporter gene transient transfection experiments. Hcy (50 M) significantly inhibited cyclin A promoter activity, but had no effect on that of the control SV40 promoter (PGL2-control) in ECs ( Figure 5A ). This finding is consistent with our earlier experiments demonstrating that Hcy decreases the transcription rate of the cyclin A gene.
We previously found that clinically relevant concentrations of Hcy inhibit EC growth, but not that of other vascular cell types. 28 In this study, we were interested in determining whether the inhibitory effect of Hcy on the cyclin A promoter is also cell-type specific. As shown in Figure 5B , activity of the cyclin A promoter transfected into RASMCs was not affected by Hcy. This result suggests that regulation of cyclin A transcription in ECs may be an important mechanism by which Hcy is able to selectively inhibit EC growth.
Adenovirus-transduced cyclin A expression restores DNA synthesis and cell-cycle progression in Hcy-treated HUVECs
To test the possibility that decreased cyclin A transcription was responsible for EC growth arrest, we used a heterologous promoter not inhibited by Hcy treatment to drive cyclin A transcription and then assessed the ability of ECs to enter S phase and synthesize DNA. HUVECs were transduced with the cyclin A adenovirus (Ad cyclin A) for 24 hours, and then treated with 50 M of Hcy for an additional 24 hours. As shown in Figure 6A , compared to cells infected with a control adenovirus vector (Ad vector), Ad cyclin A Figure 3 . Effect of Hcy on the protein expression and kinase activity of G1/S cyclins and CDK2. HUVECs were exposed to 50 g DL-Hcy or L-Cys for the indicated times. Proteins (50 g) were analyzed by Western blotting with antibodies against cyclins A, D1, E, or CDK2 respectively (A), and by immunoprecipitation with the same antibody for associated kinase or kinase activity (B). Histone H1 (200 g/mL) was used as phosphorylation substrate for cyclin A, E, or CDK2. GST-RB (40 g/mL) was used as phosphorylation substrate for cyclin D1. Figure 6C ). In contrast, Ad cyclin A infection reversed the Hcy-induced suppression of [ 3 H]-thymidine incorporation, because DNA synthesis recovered to 57% of that of the uninfected control cells at 100 MOI, 68% at 200 MOI, and 84% at 500 MOI ( Figure 6C ). Transduction efficiency, assessed with adenovirus expressing ␤-gal (Ad ␤-gal), was approximately 80% at 48 hours after infection with 100 MOI (Figure 6B) .
Finally, we used flow cytometric analysis to examine the effect of Ad cyclin A on cell-cycle progression. As shown in Figure 7 , in ECs infected with the Ad vector, the S phase population decreased in response to Hcy from 18.15% Ϯ 2.33% to 7.01% Ϯ 0.42%, consistent with our previous observation in cells not exposed to adenovirus. 28 Infection with Ad cyclin A resulted in a decrease in the fraction of cells in G 1 , accompanied by an increase in the S and G 2 /M fractions. Furthermore, with overexpression of cyclin A, the ECs became resistant to Hcy-mediated G 1 /S arrest. These results indicate that exogenous expression of cyclin A is sufficient to overcome the G 1 /S block imposed by Hcy, and suggest that down-regulation of cyclin A is essential for the growth inhibitory effects of Hcy on ECs.
Discussion
Endothelial dysfunction is broadly implicated in conditions that increase the risk of atherosclerosis, such as hypercholesterolemia, diabetes, and smoking. Although previous work on Hcy has focused on its prothrombotic effects on ECs, we have identified and characterized an Hcy-mediated effect on EC growth that occurs at clinically relevant concentrations.
The goal of this study was to identify the specific molecular targets of Hcy that lead to EC growth inhibition and cell-cycle arrest. We previously observed that Hcy specifically arrests EC at the G 1 /S transition of the cell cycle, and therefore focused our studies on the effect of Hcy on G 1 and S phase regulators. We found that expression and activity of the G 1 cyclins, D1 and E, were not affected by Hcy exposure. In contrast, cyclin A expression and its associated kinase activity were markedly decreased, consistent BLOOD, 1 FEBRUARY 2002 ⅐ VOLUME 99, NUMBER 3 For personal use only. on August 14, 2017 . by guest www.bloodjournal.org From with cell-cycle arrest occurring in very late G 1 or at the G 1 /S transition, when cyclin A activity is required for cell-cycle progression. 40, 41 Our mechanistic studies indicated that the decrease in cyclin A expression by Hcy was due to inhibition of cyclin A transcription. Adenovirus-transduced expression of cyclin A was sufficient to overcome the Hcy-mediated growth inhibition and G 1 /S cell-cycle block.
The reversibility of EC growth inhibition after withdrawal of Hcy and the rescue of cell-cycle progression by forced expression of cyclin A argue against nonspecific toxic effects at these Hcy concentrations and suggest that discrete cell-cycle control mechanisms similar to checkpoints may be activated by exposure to Hcy. Checkpoints have been proposed as mechanisms by which cells halt cell-cycle progression at precise stages during stress to provide time for repair. [42] [43] [44] Cell-cycle checkpoint studies have led to the identification of a number of therapeutic anticancer targets. [45] [46] [47] Understanding the molecular basis for the checkpoint activated by Hcy is thus of considerable interest because it may lead to identification of therapeutic targets for Hcy-related and other vasculoproliferative diseases. 48 Expression of cyclin A is essential for normal cell-cycle progression. 23, 35, 49, 50 In ECs, regulation of cyclin A gene transcription has been specifically implicated in the phenomenon of contact inhibition. 35 We found that Hcy decreased cyclin A promoter activity in ECs, but not in aortic smooth muscle cells, whose growth is not inhibited by Hcy. 28 Thus, the mechanism leading to inhibition of the cyclin A promoter and growth arrest of ECs appears to be vascular cell-type specific. In previous work, we found that Hcy treatment decreased cellular methylation and inhibited RAS/MAP kinase signaling in ECs. 28 In the human cyclin A promoter, an activating transcription factor-1/cyclic AMPresponsive element-binding protein (ATF/CREB)-binding site (bases Ϫ73 to Ϫ80) and E2F (ϩ30 to ϩ40) are important positive regulators of activity. 51, 52 Regulation of ATF and CREB activity depends in turn on phosphorylation status. 53 The CREB transcription factor is activated by a broad range of extracellular stimuli, including many growth factors, by phosphorylation at Ser133. 54 Although several kinases appear to be capable of phosphorylating CREB at this position, some of these candidates are downstream targets of RAS/MAP signaling pathways, including RSK1-3, MSK1, and MAPKAP-K2/3. 54 E2F transcription factors are required for RAS-induced gene activation. 55 RAS/RB/E2F signaling is a major regulation of cell proliferation and has been linked with cyclin A transactivation. [56] [57] [58] [59] [60] [61] Future studies will investigate such intermediates that may link Hcy-mediated inhibition of RAS/MAP signaling to inhibition of cyclin A gene transcription and of EC growth.
Our finding that Hcy, at clinically relevant concentrations, inhibits EC growth by blocking cyclin A transcription has important implications for understanding the mechanisms of Hcyinduced vascular pathogenesis. The endothelium plays a pivotal role in neointima formation after injury. Increased endothelial recovery, or re-endothelialization, correlates with diminished neointimal hyperplasia. 62 Inhibition of EC growth by Hcy may therefore contribute to accelerated neointima formation and postangioplasty restenosis. Indeed, it was recently reported that dietinduced hyperhomocysteinemia exacerbates neointima formation after denuding injury, and that this effect may be mediated through Hcy-induced attenuation of re-endothelialization. 7, 63 Growing evidence demonstrates that Hcy impairs the normal antithrombotic property of the endothelium. [64] [65] [66] The ability of Hcy to induce cell-cycle arrest in ECs may further function to promote the thrombotic potential of the vessel wall by limiting the extent of EC regrowth at sites of EC injury. Furthermore, Hcy inhibition of EC growth may be a mechanism for impaired angiogenesis in hyperhomocysteinemia. Nagai et al 67 have found that Hcy inhibits angiogenesis in vitro and in vivo by preventing the proliferation and migration of ECs. Identification of the molecular mechanism of EC growth inhibition by Hcy may permit specific targeting of the cell cycle in the pharmacologic and genetic therapy of Hcy-induced vascular vasculoproliferative disease. BLOOD, 1 FEBRUARY 2002 ⅐ VOLUME 99, NUMBER 3 For personal use only. on August 14, 2017 . by guest www.bloodjournal.org From
